An efficient method for the synthesis of 1,4-disubstituted triazoles in water at room temperature has been developed using CuCl 2 /Zn as a catalyst system. Under the optimized conditions, a novel series of 1,4-disubstituted 1,2,3-triazoles were synthesized.
Introduction
Triazoles are an important class of heterocyclic compounds. In recent years 1,2,3-triazoles gained more and more interest due to their diverse biological activities and synthetic methodology [1 -3] . An efficient approach for constructing the 1,2,3-triazole unit is the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction, which was discovered independently by the groups of Sharpless and Meldal [4, 5] .
The sources of the copper(I) catalyst for a CuAAC reaction usually are Cu(I) salts, or Cu(II) salts together with a reducing agent (often sodium ascorbate or metallic copper). Furthermore, it was reported that metallic copper can be an alternative source for the CuAAC reaction. Using metallic copper as the catalyst was attractive because of a much easier work-up and purification. Unfortunately, the reaction times are usually long when using metallic copper as the catalyst [6, 7] , except when physical techniques such as ultrasound irradiation are used [8] . In order to shorten the reaction time, nanosized copper was used as the catalyst. Orgueira successfully performed a CuAAC reaction utilizing an activated nanosized copper powder as the source of the catalytic species in the presence of amine hydrochloride salts [9] . A CuAAC reaction reported by Pachón was carried out in t-BuOH/H 2 O catalyzed by copper nanoclusters, and it took 18 h to complete the reaction [10] . In comparison with the nanosized copper mentioned above, copper nanoparticles prepared by mixing copper(II) chloride, lithium metal and a catalytic amount of 4,4 -di-tert-butyl-biphenyl (DTBB) in THF at r. t., showed a better catalytic effic 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ciency. The CuAAC reaction catalyzed by these copper nanoparticles was completed within 30 min [11] . Some supported catalysts [12, 13] were also successfully applied. It is worth to mention that alumina-supported copper nanopartiles, prepared by Kantam from copper(II) acetylacetonate and aluminum isopropoxide precursors using an aerogel protocol, were successfully applied in a three-component CuAAC reaction among terminal alkynes, sodium azide and alkyl/allyl halides [12] . The application of solution-state copper nanoparticles is a useful way to avoid the aggregation of nanoparticles. For instance, Sarka used PVPstabilized copper nanoparticles in DMF or formamide as a catalyst for the CuAAC reaction [14] . However, the nanosized copper has limited application due to its complicated and costly preparation.
Metallic copper could also be generated in situ in a redox reaction between CuSO 4 and Zn. The catalytic activity effect of the CuSO 4 /Zn powder in the CuAAC reaction led to a further study of this catalyst system. In the work described in this paper, an efficient method for 1,3-dipolar cycloadditions at relatively mild and environmentally friendly conditions is established. The in situ generated copper from CuCl 2 /Zn powder in water was directly used as a catalyst without a stabilizing agent.
Results and Discussion
The CuAAC reaction between propargyl phenyl ether and benzyl azide was selected as a model reaction to optimize the reaction conditions (Scheme 1). For screening the suitable solvent, the model reaction cat-Scheme 1. Model reaction of cycloaddition for optimizing the reaction conditions. alyzed by the CuSO 4 (10 mol-%)/Fe powder (10 mol-%) system was carried out in different solvents (including water, pure organic solvents or their co-mixtures) with vigorous magnetic stirring at r. t. for 150 min as shown in Table 1 . Among the tested solvents, the highest yield was obtained in water (82 %). The moderate yield obtained in H 2 O-DMSO or H 2 O-EtOH at a ratio of 1 : 1 (v/v) is 60 and 57 %, respectively. Although propargyl phenyl ether and benzyl azide have a good solubility in the tested organic solvents (such as DMF, DMSO and t-BuOH), the yield was not more than 15 %. The poor yield might be attributed to the poor solubility of CuSO 4 and Fe powder in organic solvents, which hampered the generation of metallic copper. The yield increases in the order: organic solvent, co-solvent, water. Thus water was selected as the reaction solvent.
Different copper(II) salts (10 mol-%) together with Zn or Fe powder (10 mol-%) shown in Table 2 were screened for the catalytic efficiency of the model reaction. All the reactions were performed in water with vigorous stirring for 60 min. Among the tested catalytic systems, the best catalytic efficiency was observed for the CuCl 2 /Zn powder. The 1,3-dipolar cycloaddition reaction catalyzed by this system was completed within 60 min in 90 % yield (Table 2 ). In comparison to CuCl 2 /Zn powder, lower catalytic efficiencies were observed for other copper(II) salt/metallic powder catalysts, among which Cu(OAc) 2 /Fe powder showed the lowest (9 %) and CuCl 2 /Zn powder the highest (90 %) yield. The catalytic efficiency of the copper(II) salt/Zn powder is better than that of the copper(II) salt/Fe powder, because Zn is more active than Fe in the redox reaction.
In order to investigate the influence of smaller amounts of the copper(II) salt/Zn powder on the model reaction, the amounts of the CuCl 2 /Zn powder were reduced to 5, 1, 0.5, and 0.1 mol-%. As shown in Fig. 1 , the yield decreased from 90 to 2 % indicating that the catalytic efficiency of the catalyst system CuCl 2 /Zn powder decreased when lower catalyst loading was used, and the reaction takes more time to be finished. When CuCl 2 (5 mol-%)/Zn powder (5 mol-%) was used as the catalyst, 2.5 h were needed to complete the model reaction. Considering the catalytic efficiency, CuCl 2 (10 mol-%)/Zn powder (10 mol-%) was selected as the optimized catalyst. The optimized relative quantities of reactants, catalyst and solvent are: organic azide (1.0 mmol), terminal alkyne (1.0 mmol), CuCl 2 (10 mol-%)/Zn powder (10 mol-%) and water (6 mL).
A series of 1,4-disubstituted 1,2,3-triazole derivatives were synthesized based on the optimized conditions (Scheme 2, Table 3 ). As shown in Table 3 , reactions between substituted terminal alkynes and organic azides, including benzyl azide and phenyl azide gave 1,4-disubstituted 1,2,3-triazoles in good yields.
In summary, an efficient protocol for the synthesis of a series of 1,2,3-triazole derivatives was established using CuCl 2 (10 mol-%)/Zn powder (10 mol-%) as the catalyst and water as the solvent.
Experimental Section

General
All the chemicals were obtained from Tianjin Kermel Chemical Reagent Co., Ltd. and were used as received. All melting points were determined on a YUHUA X-3 melting point apparatus and are uncorrected. IR spectra were recorded on a Bio-rad FTS-40 spectrometer. 1 H and 13 C spectra were recorded on a Bruker Avance 400 MHz spectrometer operating at 400.13 and 100.61 MHz, respectively. NMR spectra were recorded in CDCl 3 or [D 6 ]DMSO at r. t. (20 ± 2 • C). 1 H and 13 C chemical shifts are quoted in parts per million downfield from TMS. ESI MS were recorded on a Bruker Esquire 3000 instrument. High-resolution mass spectra (HRMS) were performed on a MicrOTOF-Q II mass spectrometer with an ESI source (Waters, Manchester, UK). Substituted terminal alkynes were synthesized according to the literature [15 -19] . Benzyl azide [20] was also synthesized according to previous reports.
General procedure for the synthesis of triazoles
A mixture of the organic azide (1.0 mmol), the terminal alkyne (1.0 mmol) and CuCl 2 (10 mol-%)/Zn powder (10 mol-%) in water (6 mL) was vigorously stirred at r. t. After completion of the reaction as indicated by TLC, the reaction mixture was diluted with saturated aq. NH 4 Cl (20 mL) and extracted with CH 2 Cl 2 (3 × 10 mL). The combined organic layers were washed with brine (10 mL), dried over anhydrous Na 2 SO 4 and filtered. The solvent of the filtrate was removed in vacuo to give the pure product. 
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